Degradation of a Ni-16Cr-25Al-Q.06Zr overlay coating on a Ni-22Cr substrate was examined after oxidation accompanied by thermal cycling. Concentration/distance profiles were measured in the coating and substrate after various 1-hr cycles at 1150° C. A numerical model was developed to simulate coating degradation by simultaneous oxidation and coating/substrate interdiffusion. The validity of the model was confirmed by comparison of predicted and measured concentration/distance profiles. The ability of the model to identify critical system parameters was demonstrated for the case of the initial Al and Cr content of the coating and substrate.
INTRODUCTION
Nickel and cobalt-based overlay coatings are gaining increased use for oxidation and hot corrosion protection of high-temperature gas turbine components. The coatings are primarily used as an external metallic coating (refs. 1 to 4), but are seeing increased use and development as a bond coat between the superalloy substrate and an external ceramic layer for thermal barrier coatings (ref. Both oxidation and coating/substrate interdiffusion degrade the coating by reducing the Al content of the coating (ref. 1) . Thermal cycling accelerates the loss of Al from the coating due to repeated Al_0 3 spallation and reformation. The more severe the oxide spallation, the more rapid the loss of Al from the coating. Coating/substrate interdiffusion can also result in the effective loss of Al from the coating and a reduction in the Al_0 3 -forming capability of the coating. The extent of coating/substrate interdiffusion is dependent on the oxidation temperature, the time at that temperature, and both the coating and substrate composition (ref. 8) .
Continuous coating degradation results in failure of the coating to reform the protective AKOg scale. The failure to reform the AlpO, scale is accompanied by formation of less protective oxides such as NiO, Cr.CL and Ni spinels (ref. 9) . The formation of less protective oxides can also result in internal oxidation of Al in the coating (refs. 9 and 10). The failure to reform the Alp0 3 scale, and the formation of less protective surface oxides is commonly referred to as breakaway oxidation and is associated with rapid metal consumption of the coating, and eventually, the superalloy component.
Coating failure occurs due to insufficient Al transport in the coating towards the oxide scale (refs. 9 and 11). The inability of the coating to reform the Al_0 3 scale is transport related and not solely dependent on the amount of Al remaining in the coating. The Al transport, and specifically the Al flux towards the Al interface is dependent on both the oxidation temperature (as it directly affects the diffusion coefficients) and the existing concentration/distance profiles in the coating (ref. 12).
The purpose of this paper is threefold: First, to briefly present the experimental results for a Ni-16Cr-25Al-0.06Zr* overlay coating on a Ni-22Cr substrate after oxidation accompanied by thermal cycling. Secondly, to discuss the development and predictions of a diffusion model capable of simulating overlay coating degradation by simultaneous oxidation and coating/ substrate interdiffusion. The ability of the diffusion model to predict accurately diffusional transport is demonstrated by a comparison of predicted and measured Al and Cr concentration profiles. Thirdly, the ability of the model to identify critical system parameters is demonstrated by examining two system parameters, the initial Al and Cr content of the coating and substrate, and their effect on the protective life of the coating. The results presented in this paper are part of a larger study examining Ni-16Cr-25Al-0.06Zr overlay coating degradation on several Ni-Cr-Al substrates. The conclusions discussed later in this paper also apply to the various substrate compositions examined in the larger study (ref. 12).
EXPERIMENTAL PROCEDURE AND RESULTS
Cast bars of the Ni-22Cr substrate alloy were machined to a cylindrical geometry of approximately 0.64 cm diameter by 2.5 cm in length. The ends of the cylinders had been rounded before the coating was applied to reduce sharp corner effects on the oxide spelling behavior of the coated cylinders. The coating was applied by low-pressure plasma spraying. Composition of the coating after spraying was approximately Ni-16Cr-25Al-0..06Zr (ref. 12).
The as-sprayed coating was annealed in Ar at 1150° C for 2 hr to permit interdiffusion to improve the coating/substrate bond. After the anneal at 1150° C, the coating possessed a two-phase microstructure consisting of Y (FCC, Ni solid solution) and approximately 70 vol. % p (NiAl-type structure). The two-phase structure of the coating is evident in figure l(a). Very little porosity was observed in the coating but porosity at the coating/ substrate interface was evident after a short isothermal anneal ( fig. l(a) ). The coating thickness was uniform about the circumference of each cylinder but *A11 compositions are in atomic percent.
varied between specimens in the range 88 to 103 ym. Following the isothermal anneal, the specimens underwent cyclic oxidation consisting of 1-hr cycles at 1150° C in static air followed by a 2(Hnin cooling period out of the furnace. The cylinders were periodically removed from the furnace and weighed in order to determine the weight change. The specimens underwent a total of 100, 200, or 250 thermal cycles. Further details of the cyclic oxidation testing are given elsewhere (refs. 12 and 13). After oxidation, the surface oxides were identified by X-ray diffraction (table I) . Following the X-ray analysis of the surface oxides, the specimens were first Cu and then Ni plated to help retain the surface oxide scale during sectioning and polishing. The plated specimens were sectioned, mounted and polished by standard metallographic techniques and examined by optical metallography and electron microprobe analysis (ref. 12).
Oxidation and coating/substrate interdiffusion resulted in complete depletion of the high-Al p phase from the coating before 100 cycles. Previous work (ref. 12) has indicated that total p depletion would occur in less than 15 hr at 1150° C for the coating thickness examined in this study. No a-Cr (bcc) or Y' (N1-A1 type structure) phases were observed in the coating after 100 cycles but may have formed and dissolved at shorter times (ref. 12). After 100 and 200 cycles significant porosity was evident at the coating/substrate interface as well as in the substrate. The porosity at the coating/substrate interface appeared to be almost continuous after 200 cycles. After 250 cycles, considerable oxide formation had occurred at the coating/substrate interface and internally in the coating and substrate ( fig.  l(b) ). The porosity at the coating/substrate interface resulted in delamination and spallation of the coating from the end of the cylinder ( fig.  l(c) ). Oxygen gaining entrance along the coating/substrate interface has diffused into the substrate internally oxidizing the Al which has diffused from the coating into the substrate and has also caused significant oxidation at the coating/substrate interface ( fig. l(b) ).
The Al and Cr concentration profiles were measured in the coating and substrate after 100, 200 and 250 cycles using an electron microprobe and a ZAF correction routine (ref. 12). Two microprobe traces were made at different locations on each specimen and are shown in the following figures. The Al content of the coating decreased rapidly primarily as a result of coating/ substrate interdiffusion. After 100 cycles the Al content of the coating decreased from 25 at. % to below 6 at. % ( fig. 2(a) ). After 200 cycles, the Al content had decreased to 2 to 4 at. % ( fig. 2(b) ), whereas after 250 cycles the Al was almost completely depleted from the coating ( fig. 2(c) ). The Cr concentration in the coating generally increased with increasing oxidation cycles via diffusion of Cr from the substrate into the coating ( fig. 2(a) to (c)).
The slope of the Al concentration profile near the oxide/coating interface is indicative of the rate of Al consumption in the formation and growth of the Al_0 3 scale (ref. 11). The relatively flat Al profile in the coating after 100 cycles indicates a low rate of Al transport to the oxide/coating interface associated with the low growth rate (and therefore low rate of Al consumption) of the Al.O,. The steeper Al concentration gradient at the oxide/coating interface after 200 cycles indicates a higher rate of Al consumption and reflects the formation of less protective oxide scales (see table I ). In the cylinder oxidized for 250 cycles, Al loss due to oxidation at the oxide/coating interface, oxidation associated with the oxygen penetration along the coating/substrate interface, and coating/substrate interdiffusion have each contributed to reducing the Al transport to the oxide scale which has resulted in failure of the coating. As observed (table I, 2. The two-phase coating could be approximated as a single phase of equivalent Al and Cr content.
3. The ternary diffusivities for the y phase could be extrapolated to the high Al concentration in the assumed single-phase coating layer. These assumptions will be discussed shortly.
Parameters input to the COSIM model consist of the initial Al and Cr concentration of the coating and substrate, as well as the coating thickness. The model also requires the concentration dependence of the four ternary diffusion coefficients for the y phase appropriate for the oxidation temperature. Input to the COSP spelling model consisted of a parabolic oxide growth constant, k and a spelling parameter, Q . The spalling parameter Q was chosen by matching the cylinder weight change predicted by COSP to the weight change data measured during cyclic oxidation.
The COSIM model predicts the Al and Cr concentration/distance profiles in the coating and in the substrate after a set number of oxidation cycles. More importantly, the model predicts the time variation of the Al concentration at the oxide/coating interface. When the Al concentration at the oxide/coating interface is approximately zero, further loss of Al from the coating by oxidation or interdiffusion causes the Al concentration gradient at the interface to decrease, reducing the Al flux (or rate of Al transport) to the oxide scale. The model predicts coating failure due to this lack of Al transport in the coating to the oxide scale, the time of coating failure being predicted when the Al concentration at the oxide/coating interface is approximately zero. (Thermodynamically, approximately 1 ppm of Al is the lower limiting Al concentration for Alp0 3 to be the stable oxide phase formed on Ni-Cr-Al alloys at 1100° C (ref. 10) . Technically, when the Al concentration at the oxide/coating interface decreased to 1 ppm of Al, coating failure would be predicted.)
Concentration/Distance Profiles
The concentration/distance profiles predicted by the COSIM model show excellent agreement with the measured profiles after 100 cycles ( fig. 2(a) ). The predicted profiles show reasonably good agreement after 200 cycles ( fig.  2(b) ) but poor agreement after 250 cycles ( fig. 2(c) ).
The observed agreement is not surprising considering the first assumption of the model that only Al_0_ was formed. After 100 cycles, Al_0 3 was the major oxide phase detected on the specimen surface with some NiAl ? 0 4 also present. After 200 cycles, Al ? 0,. was still the dominant oxide phase detected but with limited amounts of four other oxides also present. After 250 cycles, Cr 2 0 3 was the dominant oxide phase detected on the specimen surface. In addition, the coating and substrate after 250 cycles were almost completely detached due to the porosity resulting from coating/substrate interdiffusion. The oxidation which occurred between the coating and substrate, and internally in the coating and substrate, reduced the Al content in both the coating and substrate below the model prediction.
The assumption that only Al_0_ had formed is obviously only an approximation, but as shown, the model predictions show very good agreement to the measured concentration profiles when Al»0 3 was the major oxide phase present in the scale. Approximating the two-phase coating as a single phase, and extrapolating the ternary diffusivities to the Al and Cr concentrations in this phase appears justified considering the relatively short time the 3 phase exists in the coating undergoing cyclic oxidation at 1150° C. In summary, the numerical model has been shown to predict concentration profiles with reasonable success over the range of applicability of the model (where Al_0 3 is the major phase present in the oxide scale).
Critical Parameters
The ability of the numerical model to identify critical parameters in coating/substrate systems which influence coating life (as limited by Al transport to the oxide scale) can be demonstrated for two system parameters, the initial Al and Cr concentrations in the coating and substrate. Other system parameters which could be examined by the COSIM model are the coating thickness, oxidation temperature, thermal cycle frequency, rate of oxide spallation, etc. The effect of the Al concentration on coating life can be shown by examining the time dependence of the Al concentration at the oxide/coating interface. The length of time for the Al concentration at this interface to decrease to zero is a measure of the protective life of the coating. The more rapid the concentration decrease, the shorter the coating life.
The model predicts that small increases in the Al content of the substrate have a greater effect on coating life than similar increases in the Al content of the coating. The effect of increasing the initial Al content of the coating is shown by the three centermost curves (20, 25, and 30 at. %) in figure 3 (a) (substrate contains 4 at. % Al). As expected, the coating life is greatest for the coating with the highest Al content. Similarly, the effect of increasing the Al content of the substrate from 0 to 8 at. % (coating contains 25 at. % Al) is also shown in figure 3(a) . It is obvious that an 8 at. % increase in the Al content of the substrate has a much greater effect on coating life than a 10 at. % increase in the Al content of the coating.
The model predicts the Cr content of the coating and substrate to have very little effect on the coating life. Variations in the Cr content of 0-20 at. % in the substrate and 10-20 at. % in the coating (spanning the concentration range for typical superalloy substrates and coatings) are shown in figure  3(b) . The effect of varying the Cr concentration is relatively small when compared to the effect of varying the Al concentrations ( fig. 3(a) ). The limited effect of the Cr concentration is expected since the diffusivity of Al (D.,.,) is only weakly dependent on the Cr concentration and since the Cr concentration gradient has only a small effect on the diffusion of Al (i.e., and Ni-22Cr substrate rapidly reduced the Al content of the coating and resulted in considerable porosity at the coating/substrate interface following cyclic oxidation at 1150° C.
2. A numerical model (COSIM) was developed and shown to predict, with reasonable success, coating degradation by simultaneous oxidation and coating/substrate interdiffusion.
3. The ability of the COSIM numerical model to identify critical system parameters was demonstrated for the case of the initial Al and Cr contents of both the coating and substrate. 
